In proteomic analysis of complex samples at the peptide level (termed shotgun proteomics), an effective prefractionation is crucial to decrease the complexity of the peptide mixture for further analysis. In this perspective, the high-resolving power of the IEF fractionation step is a determining parameter, in order to obtain well-defined fractions and correct information on peptide isoelectric points, to provide an additional filter for protein identification. Here, we explore the resolving power of OFFGEL IEF as a prefractionation tool to separate peptides. By modeling the peak width evolution versus the peptide charge gradient at pI, we demonstrate that for the three proteomes considered in silico (Deinococcus radiodurans, Saccharomyces cerevisiae, and Homo sapiens), 90% of the peptides should be correctly focused and recovered in two wells at most. This result strongly suggests OFFGEL to be used as a powerful fractionation tool in shotgun proteomics. The influence of the height and shape of the compartments is also investigated, to give the optimal cell dimensions for an enhanced peptide recovery and fast focusing time.
Introduction
Isoelectric focusing (IEF) is a high-resolution electrophoretic technique used to separate and concentrate amphoteric biomolecules at their isoelectric point (pI) in a pH gradient and under the application of an electric field. IEF is classically used in buffered free solution (in the presence of so-called carrier ampholytes), or in Immobilized pH Gradient (IPG) gels. In the past decades, isoelectric focusing has gained great significance due to its wide applicability in different fields.
In the field of proteomics, in-gel IEF of proteins is used routinely as the first dimension of two-dimensional gel electrophoresis, 1,2 which remains the workhorse for proteome analysis. 3 But because further protein analysis and characterization by mass spectrometry 4 require tedious sample preparation, new IEF schemes and devices have been designed for prefractionation of proteins by IEF: 5, 6 several teams have explored the use of free-flow electrophoresis for the fractionation of proteomic samples. [7] [8] [9] [10] [11] [12] Righetti et al. have introduced multicompartment electrolyzers, in which proteins are separated into different compartments separated by Immobiline membranes. [13] [14] [15] Wall et al. have also validated the use of Rotofor for fractionation of proteins prior to RP-HPLC and MALDI-TOF analysis of intact proteins. 16 We have introduced a new concept named OFFGEL IEF with the first aim to purify proteins. 17 The technique was later successfully used for the isoelectric fractionation of Escherichia coli proteins, proving to be a promising tool for proteomic applications. 18 Besides these general efforts to develop IEF for protein fractionation, IEF has also been used for peptide separation in a shotgun approach, where proteins are first proteolized, and the resulting peptides mixture separated and analyzed by tandem mass spectrometry. Several groups have used in-gel IEF as a first separation dimension in shotgun proteomics, [19] [20] [21] [22] [23] as well as free-flow electrophoresis [24] [25] [26] and homemade devices based on Immobiline membranes. [27] [28] [29] OFFGEL IEF was demonstrated to be of great interest in shotgun proteomics; [30] [31] [32] [33] [34] a commercial device is now marketed by Agilent Technologies. But not only does IEF provide a separation means for peptides, but it also provides an additional physicochemical information about each peptide, its isoelectric point, which can then be used to validate MS/MS peptide sequence identification, and ultimately filter out false peptide identifications. [20] [21] [22] [23] [30] [31] [32] IEF separation of peptides can thus play a crucial role, not only as an efficient separation dimension, but also as a validation/ filtering tool when combined with tandem mass spectrometry. As such, it is thus relevant to optimize devices used to separate peptides by IEF, such as OFFGEL.
The multiwell format of OFFGEL electrophoresis initially consists in placing the sample in wells, which are opened at top and bottom extremities and are placed on an IPG gel. The gel buffers a thin layer of the solution in the liquid chambers, and the proteins are charged according to their pI and to the pH imposed by the underlying gel. Two electrodes are respectively placed in the extreme compartments of the setup (lowest and highest pH). Upon application of an electric field, the charged species migrate through the gel from well to well until they reach the well where they are neutral (pI ) pH gel) and from where they are directly recovered in solution. For the solution to be buffered by the Immobilines present in the gel, the ampholyte concentration in the solution must not be too high and the buffering capacity of the gel must be efficient. Numerical simulations were used to study the influence of the ampholyte concentration in solution and the buffering capacity in OFFGEL IEF. 35 Dynamic computer simulation of electrophoresis has already demonstrated considerable value as a research tool. Since the 1980s, numerical simulations have been performed to better understand and describe IEF [36] [37] [38] [39] [40] and have shown a qualitative agreement between predictions and experimental results. Recent advances in computer simulation have led to the development of a simulator that can handle up to 150 components and voltages typically used in experiments. This recently allowed Thormann et al. to perform the simulation of the dynamics of protein IEF in the presence of a large number of carrier ampholytes. 41, 42 Computer simulation of immobilized pH gradient gels were also done, at acidic and alkaline conditions, showing the focusing dynamics, as well as the conductivity and buffering capacity in these regions. 43 Previous works had already led to the creation of a pH gradient simulator for the engineering of IPG gels and isoelectric membranes. 44, 45 Regarding OFFGEL electrophoresis, the buffering capacity has been studied numerically, and a model has also been developed to describe the isoelectric separation of two simple ampholytes in a 2-D chamber. 46 In this paper, we have addressed the questions how sharp the separation of peptides by OFFGEL IEF is and how the fractionation cell can be optimized to obtain the best resolution in the shortest time. We have taken as model biomolecules the peptides generated by in silico digestion of the proteomes of Deinococcus radiodurans, Saccharomyces cerevisiae, and Homo sapiens and simulated the OFFGEL isoelectric focusing in a multicompartment device. The peptide charge slope at pI was demonstrated to be a key parameter in the focusing dynamics, and its influence on the peak width and focusing time was studied in order to determine the proportion of correctly focused peptides (peptides recovered in one or two wells at most). This allowed the determination of the optimal well width to obtain the best focusing. The effects of the well height and shape were further studied, to determine the well configuration allowing the highest peptide recovery in the shortest time. In this analysis, we show that the high-resolving power of OFFGEL makes it a highly valuable tool to fractionate peptides in shotgun proteomics, and that it is relevant to optimize the fractionation unit to obtain the best recovery.
Methods

Analytical Model.
The isoelectric point (pI) of a peptide is the pH at which the sum of all the electrical charges is equal to zero. In a peptide, the global charge can be calculated by taking into account the charge of the N-terminus (N-ter) and the C-terminus (C-ter), as well as the charge of ionizable side chains. In addition to the N-terminus, the positive charges can be provided by three amino acids which are lysine (K), arginine (R), and histidine (H). The negative charges originate from the C-terminus and four amino acids, tyrosine (Y), cysteine (C), aspartate (D), and glutamate (E). The charges of the ionizable groups depend on their pK a values and on the local value of the pH. For a given ionizable amino acid i, the positive charge z i + (pH) or the negative charge z i -(pH) is estimated from
Henderson-Hasselbach's equation
where K i is the acidic dissociation constant of the amino acid i. Under these assumptions, the global charge of a peptide can be expressed as follows:
where A -) {Y, C, D, E, C-ter} and A + ) {K, R, H, N-ter}. This approach assumes that the pKa value of an ionizable group is independent of its position in the molecule, and that all the individual acid-base equilibria can be considered as independent. It should be noted that the calculated pI depends considerably on the set of pK values assumed for the ionizable groups. It was shown that when different sets of published pK values were used; the predicted pI of some proteins or peptides differed by up to 1 pH unit. 47 However, the aim of the present paper is to describe the focusing phenomenon in an OFFGEL device, rather than to give exact values of pI. All the data presented in this study use the pK values of amino acids from ref 48 where Di and zi are the diffusion coefficient of species i and its charge as calculated in eq 3. F is the Faraday constant, R is the molar gas constant, T is the temperature, and φ is the local electric potential.
It results from eq 5 that the flux of species i (term in brackets) is uniform over x. Since at the isoelectric point, the concentration is maximal and the charge zero, the global flux at the steady-state is zero. The flux of species due to diffusion is thus compensated by the flux due to electromigration, leading to eq 6.
This differential equation describes the isoelectric focusing in a steady-state regime, the charge of the peptide being a function of the pH or of the distance (in the cases studied, the pH gradient is linear). Assuming a uniform electric field, eq 6 was solved analytically with Igor software (Wavemetrics, Portland) and allowed to display the steady-state concentration profile of the focused peptide for different values of electric field (no geometry effect taken into account here). This model will be taken as reference to validate the following Finite Element Model.
Finite Element Model.
Numerous studies have been presented in the literature on the diffusion-migration phenomena to describe capillary electrophoresis or IEF processes. [36] [37] [38] [39] [40] [41] [42] Regarding OFFGEL, various finite element models based on diffusion, ampholyte reactions, and/or migration have been developed. 35, 46, 51 In the previous case of diffusionmigration-reaction of two model ampholytes, 46 one protonation site per ampholyte molecule was considered to facilitate the study. The main difference here is the consideration of not only one protonation site, but the global charge of the peptide, taking into account the many possible ionization sites existing on such a molecule, resulting in a pH-dependent global charge (as the pH is a function of the distance on the gel, the charge thus depends on the location of the peptide on the gel).
The numerical model was developed for 1-D and 2-D geometries and computes the peptides concentration profiles at different time steps of the focusing. The electric field was first calculated by solving the Laplace equation (eq 7).
where j is the electrical current density and σ is the electrical conductivity. Next, the electric field ∇φ was injected into eq 8, describing the transient transport of a species i by diffusionmigration 1-D geometry consists of a vertical cross-section of an IPG gel (Figure 1a ) to study the influence of peptide charge gradient on the focusing time and focused peak width. 2-D geometry consists of a vertical cross-section of the multicompartment OFFGEL device (Figure 1b) . The 2-D geometry (dimensions consistent with the experimental setup described by Michel et al. 18 ) is used to study the influence of the well height and shape on the focusing, as well as to describe the IEF of three peptides under conditions close to experimental ones. The potential gradient applied across the gel as boundary conditions is 100 V‚cm -1 for both 1-D and 2-D studies. The initial peptide concentration was fixed at 1 mM for all the calculations (uniform distribution along the gel and in the solution). The model was implemented on the finite element commercial software Flux-Expert (Astek Rhône-Alpes, Grenoble, France). More details on the numerical model, assumptions, and parameters are given in Supporting Information 2.
In Silico Proteome Digestion and Computation of Physicochemical Parameters.
A program simulating tryptic digestion was written with Igor. Proteomes of D. radiodurans, S. cerevisiae, and H. sapiens were downloaded from the SwissProt database through the Sequence Retrieval System (http:// www.expasy.ch/ftp/) (July 2006). The homemade program was used to:
1. Perform the tryptic digestion of proteins with two miscleavages.
2. Calculate the MW and pI of peptides resulting from their sequence, using the amino acids pK values in Supporting Information 1 48 .
3. Trace the titration curve for each peptides (net charge vs pH), and calculate the charge derivative at pI.
Values of pI were estimated by a secant algorithm from the titration curve, with a precision of 0.02 pH unit. The titration curve was obtained from the sequence of amino acids and based on eq 3. The charge slope dz/dpH at pI was obtained from the derivation in pH of eq 3. Peptide/protein masses and pI calculation were validated through manual comparison with pI/MW compute available on Expasy (http://www.expasy.ch). div(j) ) ∇(-σ∇φ) ) 0
∂c i ∂t
Values of pI are slightly different from those obtained with pI/MW compute due to the different values of pKa used. The pI distribution of proteins was calculated for a few species and produced the well-known bimodal pI distribution 47 (data not shown), which adds to the validation of our calculations. The tryptic digestion was also validated by comparison to the tool MS-digest from http://prospector.ucsf.edu/. 
Results and Discussion
Determination of the Order of Magnitude of dz/dpH
at pI. The in silico tryptic digestion of the different proteomes was performed, and the resulting peptides were analyzed. Figure 2 shows the distribution of the charge derivative dz/ dpH calculated at pI for peptides generated from the proteome digestion of D. radiodurans, S. cerevisiae, and H. sapiens. As shown, charge slopes are mostly comprised between 0 and -3. The highest bar corresponds to the "flattest" peptides, illustrated by the titration curve of the peptide NSSVY (see Figure  2 , bottom). It is in that case more relevant to define a "pI zone" rather than a pI value, as the charge of the peptide does not vary much around its pI. The peptides having a charge derivative at pI comprised between -0.1 and -3 (illustrated by the titration curve peptide DLTFLLEESRDKVNQLEEK, Figure  2 , bottom) represent 76.8% (D. radiodurans), 77.4% (S. cerevisiae), and 79.0% (H. sapiens). For these peptides, the charge gradient is steeper around the pI. Simply for comparison, as this study can be applied to proteins as well, the charge derivatives for proteins were calculated (results not shown) and unsurprisingly showed larger a range than that for peptides, as proteins' charge is higher than peptides' charge. For peptides, interestingly, the distribution of charge derivative is quite similar for the three organisms. It gives an overview of the diversity of peptides' charge properties near pI and allows estimating the range of charge slope at pI.
Effect of the Charge Gradient dz/dx at the pI (1-D Study).
As seen in the previous distribution, the range of dz/ dpH for most peptides from the digestion of different proteomes varies between -0.1 and -3. The charge gradient can be written as follows: (dz/dx) ) (dz/dpH)(dpH/dx).
As the pH gradient dpH/dx is linear, if in a small region near the pI the slope of the titration curve dz/dpH is assumed to be linear, the charge gradient dz/dx will also be linear. In the following study, a value of 1 pH‚cm -1 is taken for the pH gradient. The influence of a linear charge gradient value on the focusing will be studied numerically. The comparison with the case of peptides will be done to show that the peptide charge slope at pI is the key parameter for the focusing. Figure 3a shows the shape of the focused peak for different linear charge gradients from 0.05 to 2 (absolute values). As expected, the higher the charge gradient, the higher the final concentration and the narrower the focused peak width at steady state, because with a greater charge gradient, the mobility gradient is higher. The peak is thus more "focused" and concentrated. The effect of the charge slope at pI on the peak width was then studied for peptides, by giving as input to the simulation the expression of the charge as a function of pH. For this, three peptides were chosen according to their charge curve and slope at pI: leucine enkephalin (YGGFL), angiotensin II (DRVYIHPF), and a peptide from the human proteome digestion (DLTFLLEESRDKVN-QLEEK) were used. Simulations of IEF were performed on these peptides, and the focused peak width at steady state was reported for each one on Figure 3a . The peptides fit to the curve deduced from linear charge gradients, which validates the idea that the slope near pI is the most important factor, and the shape of the titration curve far from pI has no influence on the width of the focused peak.
Effect on the Peak Width.
From the top panel of Figure 3 , the theoretical peak width of any peptide can be calculated from its charge derivative at pI. Figure 4 thus shows the theoretical peak width distributions of in silico digested proteomes; bars represent the percentage of peptides focusing with a given peak width at baseline, whereas the continuous line shows the percentage of peptides focusing with a peak width at baseline below a given value. Interestingly, the three species exhibit a very similar peak width distribution, which demonstrates the versatility of OFFGEL electrophoresis in the context of shotgun proteomics. Additionally, for the three species considered, around 90% of peptides focus within less than 6 mm (the well width used in practice), which means that in theory, 90% of peptides should be recovered in no more than two wells. This result is well in line with the experimental findings of Hörth et al. who found that 74% of tryptic peptides of E. coli focus in one well, and 90% focus in two wells at most. 32 Figure 3b illustrates the evolution of the focusing time for different values of linear charge gradient from 0.05 to 2 (absolute values). The steeper the charge gradient at pI, the higher the final concentration and the faster the steady state is reached. As previously stated, to validate our approach (linearization of the charge slope at pI), the effect of peptide charge slope at pI on the focusing time was studied. For this, the same peptides as before were used. For each of them, the focusing time (defined as the time needed to reach 99% of the steady-state concentration) was reported on Figure 3b . For the three peptides, focusing times fit to the linear gradient curve, showing that the slope at pI is the key parameter for the focusing time as well. As a consequence, the shape of the titration curve far from pI has no influence on the focusing time. One can easily understand this tendency by seeing that the migration velocity far from pI is so high that only the migration near pI determines the kinetics of focusing, as the limiting factor.
Effect on the Focusing Time.
In this section, it was shown that, given the distribution of dz/dpH for the in silico digested proteomes (charge gradient between -0.1 and -3), and if taking a particular pH gradient (e.g., pH 3-10 on a 13 cm long strip), an optimal dimension of the well can be given, for a chosen percentage of correctly focused peptides. It is estimated that the optimal well width in an OFFGEL device (given by the largest peak width obtained with a flat titration curve) is 6-7 mm, which allows recovering 90% of peptides in at most two wells.
From the main results on the peak width and focusing time, some practical conclusions can be drawn for the IEF of peptides in an OFFGEL device. Assuming the initial peptide sample solution is loaded in all the wells, the starting voltage should be low in the first step. As we see, the focusing process is quite fast at the start, as most of the species are highly charged (far from pI). In practice, the presence of salts accompanying the sample at the start should be taken into account as well. Thus, a low starting voltage should allow performing efficient focusing meanwhile avoiding too much heating. Then the voltage should be increased gradually or stepwise to reach the steady state of focusing, as the charge decreases, and the closer the species gets to its pI, the slower it is migrating. Thus, to allow a sharp focusing at the end, it is recommended to apply a high final voltage. The current, if monitored, is also a good indicator of the advancement of the focusing process. The current at the beginning is at the maximum (highly charged species migrating) and should decrease to finally reach a steady-state residual value (dynamic equilibrium between migration and diffusion). To give an idea of the focusing time, some authors have recently published interesting results concerning the IEF of peptides in gel, 23 and papers concerning the OFFGEL IEF of peptides can be taken as reference. 30, 32, 33 Concerning the use of peptides' pI as a filtering/validating tool in the identification of peptides and proteins, not only the pI value is important, but also the slope of the titration curve at pI. Thus, in setting the limits of exclusion based on the pI of peptides, this slope should also be taken into account, to avoid eliminating true peptides, which did focus but in several wells, due to their characteristic titration curve.
Effect of the Well Height on the Recovery and Focusing Time (2-D Study).
To study the influence of the well height on the focusing, numerical simulation of OFFGEL IEF was performed for a given peptide (Angiotensin II) in a threecompartment device. Different height ratios were studied: h well/ hgel ) 1, 2, 4, and 10. Figure 5 displays the peptide concentration at different time steps, for the ratios hwell/hgel ) 10 (high wells) and hwell/hgel ) 2 (low wells). The initial concentration of peptides was fixed at 1 mM for all the calculations. The focusing can be described in two phases. These two phases can be best seen for hwell/hgel ) 10 on Figure 5a . In a first phase (for times <800 s), the peptide migrates essentially in the gel underneath the wells toward its pI (horizontal focusing). In a second phase (for times >800 s), the species diffuses to the solution in the well (vertical focusing due to 2-D geometry). For the low wells, hwell/hgel ) 2 , the process consists mostly of the first phase, because the vertical focusing is strongly limited by the height of the well. The two focusing steps can be correlated with the distribution of migration velocities, shown in Figure 5b for both height ratios. In a high well, the migration velocity has a non-negligible vertical component, which is the driving force for the vertical focusing, whereas in the low well, the current lines are all parallel to the gel (except at the corners). The vertical focusing is quasi nonexistent. Thus, it takes approximately 10 times longer to reach the steady state in high wells than it does in low wells (14 000 s for a height ratio of 10 vs 1600 s for a height ratio of 2). In the high well, once the species reaches the top of the well, the solution horizontal focusing gives broader shape, due to the lower local values of the migration (i.e., electric field) compared to the diffusion.
However, the final to initial quantity ratio recovered in solution is higher for the high wells, as shown in Figure 6 . The recovery percentage is an interesting parameter, which is defined as the ratio of the quantity of focused species in the central well to the initial quantity (i.e., in all the wells and the gel) and noted n well/ntot. It illustrates that although the steady state is reached faster for low wells than for high wells, the recovery is still better for high wells. For height ratios of h well/ hgel ) 10, 4, and 1, recovery of 96%, 82%, and 50% were obtained, respectively. These values of recovery could be theoretically predicted by geometrical considerations, as shown in Figure 6 , where the values theoretically expected for the recovery are 91%, 80%, and 50%, respectively, for height ratios of 10, 4, and 1. The 2-D effect of the vertical focusing is amplifying the recovery for high wells (5% more than the predicted recovery for height ratio of 10). This enhancement in the recovery observed for high wells can be explained by the higher proportion of current lines penetrating the well compared to the ones in the gel (Figure 5b) .
Effect of the Well Shape on the Recovery and Focusing Time.
The effect of the well shape was also studied. In particular, three shapes were considered, as illustrated in Figure  7 , and compared to determine which shape should be optimal for the IEF. Shape S0 is the straight well used for the simulations presented above. S1 is the well with narrow top, and S2 is the well with narrow bottom. The concentration factor, defined as the ratio of final concentration to initial concentration in the focusing well solution, is displayed in Figure 7a for different shapes. The concentration factor is slightly higher for the shapes S1 and S2, compared with S0 (straight well), which indicates that the recovery should be only slightly higher for these shapes, if the initial concentration is the same in all cases. But most striking is the difference in focusing time. For narrowtop and straight wells, the focusing is almost 2 times faster than for narrow-bottom wells (12 000 and 14 000 s versus 22 000 s, respectively). This difference in focusing times could be explained by the presence of "dead zones" in S2 (see Figure  7b) . These are the zones in the top corners of the well, where the electric current lines are quasi nonexistent. Consequently, the migration in these zones is not efficient, and only diffusion takes place. In S1, where these zones are reduced because of the narrow top, the steady state is reached faster than in S2. Moreover, in S2, the current lines have to go through a longer way to enter the basis of wells (see Figure 7b) , thus, adding to the time needed to reach steady state. However, in terms of practicability, the straight wells or wide-top wells should be better to introduce or retrieve the sample.
3.6. IEF of Peptides in a Seven-Well Device. Three peptides (leucine enkephalin, angiotensin II, and angiotensin III) were used to visualize the focusing in an OFFGEL device with seven wells. IEF conditions were as close as possible to the experimental conditions. A constant voltage was applied between anode and cathode (mean value of 100 V‚cm -1 ); a pH gradient of 0.8 pH‚cm -1 was taken (for comparison, a 3-10 pH gradient on a 13 cm strip for OFFGEL IEF gives a pH gradient of 0.54 pH‚cm -1 ). Figure 8 displays the concentration isovalues for each peptide at different time steps. Here as well, the two phases of horizontal and vertical focusing are observed, especially clearly for the "flat peptide". At 100 s, that peptide is still migrating toward the well corresponding to its pI, whereas the other two peptides, which are steeper, have already reached their focusing well. For comparison, the ratio of focusing time for the flat peptide over the one for steep peptide (t flat/tsteep) is 3.33 for 2-D geometry, while it was equal to 8.89 for 1-D geometry. This shows clearly the 2-D effect, which tends to reduce the discrepancy between a flat and a steep peptide in terms of focusing time. This could be explained by the vertical focusing step, during which the steep peptide is "losing its advance" on the "flat peptide". Not much difference was observed between the focusing times of the last two peptides, and their charge slope at pI was very close (0.64 for angiotensin II and 0.49 for angiotensin III). Even though the distance to migrate is longer for angiotensin III than for angiotensin II, only the charge slope at pI is to be considered, and for this case, it does not induce a big difference in focusing time.
Concluding Remarks
A preliminary in silico tryptic digestion of the proteomes from three different organisms was performed, to give an overview of the distribution of peptide charge slopes at pI. The influence of this charge slope at pI was then investigated. The main result is that this slope not only acts on the focused peak shape, but also constitutes the limiting factor in the focusing kinetics, the charge far from pI having no influence. By modeling the peak width as a function of the charge gradient at pI, we demonstrated that 90% of peptides should be correctly focused in at most two wells, considering the geometry used. This interestingly confirms recent experimental results and strongly suggests the high-resolution power of OFFGEL and its relevance in shotgun proteomic strategies. Concerning the use of peptides' pI as a filtering/validating tool in the identification of peptides and proteins, not only the pI value, but also the slope of the titration curve at pI are important when setting the limits of exclusion based on the pI of peptides. Other geometrical parameters were also investigated (well height and shape). For higher wells, the recovery of peptides is much more important than for lower wells, although it takes longer to recover the maximal quantity of peptides. As for the shape of the wells, straight or narrow-top wells are optimal for faster focusing.
